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We predict a new effect in condensed matter surface magnetization of the vortex phase of a
superconductor induced by electric field. The magnetized superconductor should be one of the
plates of a plane capacitor on which a voltage has to be applied. Applying alternating voltage to
the capacitor, electrostatic induction leads to oscillations of the magnetic moment which has to
be measured by electromotive force inducted in a detector coil. The derived explicit formula for
the magnetization contains the effective mass of Cooper pairs and a systematic investigation of the
predicted magnetization will lead to a creation of an effective Cooper pair mass spectroscopy.
The purpose of the present work is to predict a new
effect in the physics of supreconductivity which can be
easily observed using a standard electronic equipment.
Let us consider a superconducting film or slab of
type-II superconductor, for example YBa2Cu3O7−δ or
Bi2Sr2CaCu2O8 with thickness dfilm and surface area
S in an external electromagnetic field and a supercon-
ducting current around a single Abrikosov vortex formed
within the film. Using a first level Bohr quantization,
the Cooper pairs’ angular momentum around the vortex
is given by
m∗rv = ~, (1)
where m∗ is the effective Cooper pair mass in the plane
of the film, r is the radial distance from its center and v is
the velocity of circulating fluid of Cooper pairs. Eq. (1)
is valid in the range ξ  r  λ, where ξ is the coherence
length and λ(T ) is the temperature dependent penetra-
tion depth
1
λ2(T )
=
e∗2n
3D
(T )
ε0c2m∗
, (2)
where in Gaussian system ε0 = 1/4pi. We suppose also
that κ = λ/ξ  1. The magnetic moment per unit film
thickness of this single vortex is then given by cf.1
M1
dfilm
=
∫ λ
ξ
pir2jdr =
∫ λ
ξ
pir2n
3D
e∗vdr, (3)
where j = n
3D
e∗v. We consider thick films dfilm > λ
or even slabs of a type-II superconductors. Expressing
v(r) from the Bohr quantization condition Eq. (1) and
substituting it in Eq. (3), after integration we obtain the
magnetization of a single vortex per unit film thickness
M1
dfilm
=
n
3D
pi~
2
(
e∗
m∗
)
(λ2 − ξ2). (4)
The magnetic moment of a single vortex piercing the su-
perconducting slab is M1 and M1/dfilm has dimension
magnetic moment per unit length. We can neglect ξ2 in
Eq. (4) as ξ is assumed to be a small quantity, i.e. we
suppose type-II superconductor with κ ≡ λ/ξ  1. For
magnetic fields much smaller than the upper critical field
B < Bc2 the vortices with area density B/Φ0 and total
number N = BS/Φ0 are weakly overlapping and the to-
tal magnetic moment of the sample is given by the sum
of individual magnetic moments
M = NM1 = Φ
Φ0
M1 =
(
M1
dfilm
)
B
Φ0
V, (5)
where we recognize the volume of the film V = dfilmS and
the total magnetic flux of the magnetic field (assumed or-
thogonal to the film) Φ = BS. For the magnetic moment
per unit area of the sample we have
M
S
= M1
B
Φ0
=
1
4
(
e∗2
m∗
)
n
3D
dfilmλ
2(T )B, (6)
where Φ0 = 2pi~/|e∗| is the flux quantum and e∗ is the
Cooper pair charge |e∗| = 2|e|. One additional speed of
light has to be added in the denominator in Gaussian
system. The multiplier n
2D
(T ) = dfilmn3D(T ) is the tem-
perature dependent two dimensional (2D) density of the
superfluid charge carriers. As pointed out above, this re-
sult for the magnetization is a good approximation when
the magnetic field is much smaller than the upper critical
field B  Bc2(T ). Substituting Eq. (2) in the approxima-
tion Eq. (6) and recognizing once again the volume of the
film, we arrive at the simple result for the magnetization
M ≡ M
V
≈ B
4µ0
, µ0 = 1/0c
2. (7)
This law can be observed in the field cooling regime. For
comparison for Meissner-Ochsenfeld (MO) phase we have
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2MMO = −B/µ0. In Gaussian system we have to substi-
tute µ0 = 4pi while in Lorentz–Heaviside units µ0 = 1
and 0 = 1. For a slab in perpendicular field the demag-
netizing factor is n = 1 and for all magnetic fields B in
interval (0, Bc2) the sample is in vortex state.
The set-up we propose consists of a plane capacitor
whose plates are perpendicular to an external magnetic
field, Fig. 1. The capacitor is placed in a detector coil.
One of the plates is the superconductor with an atomi-
cally clean surface. The other plate’s properties are not
considered additionally. An AC voltage is applied to the
plates, resulting in a modulation of the Abrikosov lattice
magnetic moment, which can be registered by a detector
coil.
BSCCO crystal
Al
FIG. 1. A schematic representation of the proposed setup.
A crystal slab of Bi2Sr2CaCu2O8 is connected with an alter-
nating voltage source through a lateral contact. The cleaved
surface of the superconductor forms one of the plates of a
capacitor. The superconductor surface is covered by an in-
sulator, on which a metal layer is evaporated, acting as the
second plate of the capacitor. The system is placed in an ex-
ternal magnetic field, which is perpendicular to the capacitor
plates. The magnetic moment is detected by a detector coil
of a magnetometer. The U-shaped ferrites, signal generator,
preamplifier, and lock-in are not depicted.
The scenario considered has one crucial difference as
compared to that leading to Eq. (6), the voltage differ-
ence makes the whole film act as a capacitor and there
is additional 2D charge density being accumulated due
to this field. Recalling the connection between surface
charge density ρ
2D
and the normal component of electric
induction D · dS = ρ
2D
|dS| and simplifying it in the case
of our geometry, we see that the additional charge accu-
mulated will be the z-component of the electric induction
Dz for a temperature tending to 0 (we have assumed the
z-component to be parallel to the film thickness). In
the case of a finite temperature, we can form the dimen-
sionless ratio, which coincides with the percent of the
superfluid carriers
C(T ) =
n2D(T )
n
2D
(0)
=
λ2(0)
λ2(T )
. (8)
This ratio determined by the penetration dept is a tool
for interpretation of the experimental data known as two
fluid model. Recalling once again the formula for the
penetration depth given by Eq. (2), Eq. (6) should be
corrected simply by a substitution of the two dimensional
(2D) superfluid charge per unit area, which is the mod-
ulated electric field
e∗n2D(T ) = e
∗dfilmn3D(T ) +Dz
λ2(0)
λ2(T )
. (9)
Here we can recognize the total electric charge induced
on the superconductor surface Q = SDz. The micro-
scopic approach gives different functions for the temper-
ature dependent superfluid ratio C(T ) but the final for-
mulas for m∗ are invariant. The electric charges accumu-
lated on the superconducting surface are partially super-
fluid and contribute to the magnetic field of the vortices;
C(T )Dz is the superfluid surface charge density. Apply-
ing alternating current to the superconductor surface, we
have I(t) = ωQ0 cos(ωt) modulating charge oscillations
Q(t) = Q0 sin(ωt) and simultaneously measure the time
dependent magnetic moment M(t) = M0 sin(ωt). The
effective mass of Cooper pairs can be expressed by the
ratio of the amplitudes
m∗ =
e∗Bλ2(0)
4
dM
dQ
=
eBλ2(0)Q0
2 sgn(e∗)M0
, (10)
where the derivative here is at constant magnetic field
and the ratio M0/Q0 is actually the slope of a linear re-
gression when the electrostatic doping is due to different
voltages. The cancellation of the temperature dependent
λ2(T ) suggests that the parameter determined in this
way will have weak temperature dependence. This re-
sult allows us to measure the effective Cooper pair mass
m∗ through the experimental setup presented in Fig. 1
by measuring the change in the magnetic moment of the
sample induced by the accumulation of charge due to a
voltage generator, all of which happening in the exter-
nal magnetic field B perpendicular to the film. Since the
effective mass is positive, the method simultaneously de-
termines the sign of the Cooper pair charge sgn(e∗). If
an investigated superconductor is used for which the pen-
etration dept then λ(0) is known, all variables from the
right side of Eq. (10) are known and a systematic investi-
gation of the predicted surface magnetization can lead to
a creation of Cooper pair mass spectroscopy; which is one
of the purposes of the present work. For many branches
of condensed matter physics effective masses are impor-
tant material parameters and the rhetoric question why
we need to know them has no sense; the physics of su-
perconductivity is not an exception but only the next
example of the common rule.
For which effects of the physics of superconductivity
effective mass of Cooper pairs is important? Except the
effect of Bernoulli in superconductors which is only qual-
itatively observed, m∗ is important for electric modula-
tion of the kinetic inductance in thin high-Tc films. First
quantitative determination of effective mass of Cooper
pairs in high-Tc cuprate YBa2Cu3O7−δ was performed
3in Bell labs 32 years ago2, cf. Ref. 3. Alas this re-
search was interrupted and was not continued. In such
a way an important part of the physics of superconduc-
tivity has remained undeveloped. Without the effective
Cooper pair mass m∗, the physics of superconductivity is
Hamlet without the prince, only with the role of Ophelia
performed by onnagata.4
From a technological point of view, we emphasize that
it is not necessary to make contacts on the ab-plane of
Bi2Sr2CaCu2O8. This face, which is easily cleaved, is one
of the plates of the already mentioned plane capacitor
and it has to be atomically clean. The contact has to be
made on the lateral ac- or bc-plane, which is a relatively
simple task. The dielectric material between the plates
of the capacitor does not have any specific contribution
to the effect, which should be observable even for plain
air. In such a way, the proposed experiment can be easily
performed in every laboratory related to the physics of
superconductivity, it is only necessary to have a single
Bi2Sr2CaCu2O8 crystal.
Let us give a numerical example. If a variable mag-
netic moment M(t) is placed in a solenoid with ν turns
per unit length the induced electromotive force in the
solenoid is Ecoil = −µ0dM(t)/dt. Using a 250 µm cop-
per wire it is possible to make a coil with effective
ν = 1.37 × 105 turns/m, Let us use S = 4 mm2 sam-
ple of Bi2Sr2CaCu2O8. If at the cleaved surface we ap-
ply polyethylene dielectric relative susceptibility εrel = 2
with breakdown voltage Ebd = 10 MV/m, we can ap-
ply E = 10 MV/m, the electric induction is D = ε0εrelE
and the amplitude of the charge is Q0 = DS = 708 pC.
For dins10 µm polyethylene film the amplitude of the
charging voltage is Udrive = 100 V and the capacity is
Ccap = ε0εrelS/dins = 7.08 pF. At f=50 kHz frequency
and ω = 2pif the amplitude of the charging current is
I0 = ωQ0 = 222µA. For the source of external magnetic
field we can use a permanent Nd magnet with magnetiza-
tion B = 1 T. For evaluation we can use for the effective
mass of Cooper pairs m∗ = 10me, where me is the elec-
tron mass. For these parameters according to Eq. (10)
the amplitude of the magnetization is M0 = 62 fAm2.
This AC magnetization is induced in the detector coil
with a voltage with amplitude U0 = µ0νωM0 = 3.36 nV.
With a low noise pre-amplifier this signal has to be
amplified million times Y = 106 by a low noise pre-
amplifier, and additionally 10 times by a resonant am-
plifier. Then the amplitude of the amplified signal can
reach Uampl = Y U0 = 33.6 mV, which can be measured
by a lock-in voltmeter. This magnetic moment is however
only 14% from the largest parasite magnetic moment re-
lated to the charging of the capacitor Mpar ∼= SI0/100,
where the denominator 100 is order evaluation. The par-
asitic mutual inductance can be eliminated if a plane
capacitor with a thin coaxial cable for its charging are
used. These geometric factors significantly decrease the
mutual inductance L between the drive and detector cir-
cuit. Additionally, those two magnetizations are phase
shifted at 90◦. The magnetization of the new effect is
proportional to the charge and voltage, while the par-
asite magnetic moment is proportional to the current.
The true effect can be easily distinguished as a constant
term making linear regression at different frequencies in
the plot E2coil versus ω2 if the experiments are done at
fixed I0. The coils with large ν = 137 turns/mm and lin-
ear size of several cm have also a large Ohmic resistance,
in our example Rcoil ≈ 402 Ω. The magnitude of the
thermal noise can be evaluated as Unoise =
√
4kBT∆f ,
where kB is the Boltzmann constant, T = 80 K at boiling
nitrogen and ∆f is the frequency bandwidth. If at low
frequency the signal is collected for 20 minutes, we can
take as order evaluation ∆f ' 1 mHz. Only for such long
times of signal evaluation we can reach signal to noise
ratio U0/Unoise ≈ 4. Additionally the detector coil has to
be carefully screened from the external electromagnetic
noise since it is a perfect antenna. In short, the experi-
ment should be carefully performed but it is doable.
The effective mass of a charge carrier is a parameter
of a dynamic theory and requires electric field due to the
gauge-invariant time derivatives i~∂t − eϕ. The electric
field should be present on the interface between a super-
conductor and an insulator, and the proposed experiment
requires extremely clean interfaces.
The proposed experiment utilizes the electrostatic dop-
ing of fluxons surface to measure this crucial parameter
in the physics of superconductivity. A carefully pre-
pared structure of Kapton on YBa2Cu3O7−δ was the
system used for the first determination of the effec-
tive mass of Cooper pairs.2 We believe, however, that
Bi2Sr2CaCu2O8, which is easily cleaved by adhesive tape
surfaces, will catalyze the development of Cooper pair
mass spectroscopy. Here we have to point out that the
electron band structure of over-doped high-Tc cuprates
is easily fitted by Linear Combination of Atomic Orbital
(LCAO) method.5–7 The discrepancy between the corre-
sponding integral for optical mass that can be easily cal-
culated and the experimentally determined Cooper pair
mass will reveal how good we understand the effects of
strong correlations. We suppose for the pnictide super-
conductors the situation is the same.
The next step would be a systematic investigation
of thick films dfilm > λ of technological superconduc-
tor alloys. Historically, the effective mass of Cooper
pairs is implicitly introduced in the seminal papers by
the London brothers8 and Ginzburg-Landau (GL).9 Fur-
ther on, Gor’kov derived GL theory from microscopic
approach. Later Gor’kov has extended his treatment
to include finite mean-free-path effects. He has found
that the equations have the same form as above, ex-
cept that the “mass” m∗ is increased to that of pure
metal.10 For conventional superconductors with strong
disorder effective mass is proportional to the Ohmic re-
sistivity m∗ ∝ %
Ω
. As the Pippard kernel well approxi-
mates the BCS one, this proportionality law can be un-
derstood in the framework of Pippard-Landau theory.11
For strongly disordered superconducting films, for which
temperature of Kosterlitz-Thouless transition TKT is sig-
4nificantly below the BCS one Tc, the effective mass m
∗
reaches hadronic values. For layered high-Tc cuprates
with strong anisotropy giant effective mass in c-direction
m∗c was a tool to predict a superconducting collective
mode plasma oscillations in the Bi2Sr2CaCu2O8 high-
temperature superconductor.12
Superconducting collective modes predicted for thin
superconducting films13 give another way to determine
Cooper pair mass;11 an alternative is to use Bernoulli
effect in superconductors.14
In conclusion, using magnetic fields only, it is possible
to determine only the ratio n
3D
(T )/m∗. In order to de-
termine m∗ separately, it is necessary essentially to use
electric field. This parameter is inaccessible by routine
methods as specific heat, surface impedance, penetration
depth etc. In some sense in the present paper we predict
a new electric effect in superconductors – electric field
induced surface magnetization of the vortex lattice.
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